Angiogenesis is the formation of new capillaries from pre-existing blood vessels and participates in proper vasculature development. In pathological conditions such as cancer, abnormal angiogenesis takes place. Angiogenesis is primarily carried out by endothelial cells, the innermost layer of blood vessels. The vascular endothelial growth factor-A (VEGF-A) and its receptor-2 (VEGFR-2) trigger most of the mechanisms activating and regulating angiogenesis, and have been the targets for the development of drugs. However, most experimental assays assessing angiogenesis rely on animal models. We report an in vitro model using a microvessel-on-a-chip. It mimics an effective endothelial sprouting angiogenesis event triggered from an initial microvessel using a single angiogenic factor, VEGF-A. The angiogenic sprouting in this model is depends on the Notch signaling, as observed in vivo. This model enables the study of anti-angiogenic drugs which target a specific factor/receptor pathway, as demonstrated by the use of the clinically approved sorafenib and sunitinib for targeting the VEGF-A/VEGFR-2 pathway. Furthermore, this model allows testing simultaneously angiogenesis and permeability. It demonstrates that sorafenib impairs the endothelial barrier function, while sunitinib does not. Such in vitro human model provides a significant complimentary approach to animal models for the development of effective therapies.
Introduction
The vascular system is a complex network made of tubular structures which distribute blood-contained nutrients, oxygen, and cells to and from most organs throughout the body. As a result, it is deeply involved in maintaining homeostasis of the living body. In adults, the formation of the vascular system is mainly ensured by the emergence of new capillaries from existing vessels; an event known as "sprouting angiogenesis". Sprouting angiogenesis is triggered by the lack of oxygen in growing or ischemic tissues (hypoxia) which release angiogenic factors such as vascular endothelial growth factors (VEGF) into the environment. Established neighboring vessels respond to these signals by sprouting new blood vessels that extend in the gradient of angiogenic factors. Within these sprouting capillaries, tip-cells respond to VEGF and form characteristic protruding and actin-rich filopodia. Tip-cells do not proliferate, but migrate toward the source of VEGF, thus giving directionality to an angiogenic sprout. Stalk-cells proliferate behind the leading tip-cells and allow for the extension of the angiogenic sprouts (Ribatti and Crivellato, 2012) . During the extension of the capillary sprouts, the formation of the vessel lumen in stalk-cells is ensured by endothelial cytoskeleton rearrangements in response, in part, to hydrodynamic forces (Gebala et al., 2016; Charpentier and Conlon, 2014) .
The VEGF family of proteins includes five sub-types in vertebrates; VEGF-A, -B, -C, -D and placental growth factor (PIGF). These factors play crucial roles in the formation and maintenance of blood and lymphatic vasculatures through the activation of specific tyrosine kinases VEGF-receptors (VEGF-R). VEGFR-2 is the most studied receptor in human blood vascular endothelial cells activated by VEGF-A and the VEGF-A/VEGFR-2 pathway plays essential roles in angiogenesis. This pathway is involved in the initial determination of the tip/stalk-cell fate through the Delta-like protein 4 (DLL4)/Neurogenic locus notch homolog protein 1 (NOTCH1) (Simons et al., 2016; Hellstrom et al., 2007) . VEGF-A binds to its receptor VEGFR-2 on the membrane of endothelial cells, leading to its dimerization. It triggers the activation of the intracellular kinase domain of VEGFR-2, which initiates a signaling cascade leading the responding cell to become a tip-cell and to express DLL4 at its surface. DLL4 interacts with its receptor NOTCH1 on the surface of adjacent endothelial cells. This activates a gamma-secretase complex, causing the downstream activation of molecular pathways that result in a decrease of sensitivity to VEGF-A and stimulates endothelial proliferation, therefore shifting cells toward the stalk-cell fate (Simons et al., 2016; Blanco and Gerhardt, 2013) . Upon activation of this system, sprouts form and progress toward the hypoxic tissues (Fig. 1) . Angiogenesis takes place in pathological conditions such as inflammation, vaso-proliferative retinopathies, and cancers (Potente et al., 2011; Carmeliet and Jain, 2000) and it was proposed during the 1970s that angiogenesis inhibitors could be designed as anticancer drugs (Folkman, 1971) . This eventually led to the development of molecules targeting VEGF-A, its receptors, or downstream effectors of this pathway. Some were approved for clinical use, such as bevacizumab (Avastin), sunitinib (Sutent) and sorafenib (Nexavar), which were among the first available targeted therapies (Niu and Chen, 2010; Carmeliet and Jain, 2011a) .
To study angiogenesis and develop more specific therapies, several experimental models were developed using 2D cell culture and animal models (Staton et al., 2004) . Recently, sophisticated in vitro models have been created to study sprouting angiogenesis of human endothelial cells in a 3D environment simulating the extracellular matrix (ECM). For example, the microbead assay consists in growing endothelial cells to confluence on microbeads which are then embedded into a fibrin gel. Upon treatment with pro-angiogenic factors, capillary formation can be induced (Nakatsu et al., 2003) . However, this technique has several limitations, such as the lack of a parent vessel with a lumen. Secondly, although human endothelial cells have been used in this assay, the presence of fibroblasts was required to maintain growth and promote lumen formation. The presence of another cell type in such assay complicates the technique and the analysis of specific processes. For example, it may be difficult to study the direct effect of any drug on endothelial cell sprouting when fibroblasts may also respond to such a drug and trigger an indirect effect. Moreover, due to the spherical structure of the beads, the local inhibition of sprouting in the neighborhood Fig. 1 . Concept of the present study: VEGF-induced angiogenesis-on-a-chip for gene and inhibitor study. (Top) In vivo, the DLL4/NOTCH1 pathway orients the endothelial cell fate within an angiogenic sprout. The tip-cell migrates and expresses DLL4, while the stalk-cell is inhibited in its migration by the DLL4/NOTCH1 interaction which rather triggers cell proliferation. (VECad: VE-cadherin) (Bottom) Concept of the model: a human microvessel is fabricated on a PDMS chip within a collagen gel scaffold and used to study VEGF-A-induced angiogenesis, permeability and angiogenic inhibitors effects.
of an existing sprout cannot be easily studied, and until recently such studies relied on the zebrafish animal model (Yokota et al., 2015) . With the development of microengineering, new in vitro models could be created. These models use technologies such as microfluidics or tissue engineering (Nguyen et al., 2013; Kim et al., 2013; Tourovskaia et al., 2014; Zheng et al., 2017) . The microfluidic models share common limitations with the microbead assay; namely, the absence of a parent vessel or the need for coculture. Such a model was recently reported which relied on the use of co-cultures of endothelial cells and fibroblasts within a fibrin matrix with no establishment of an initial endothelial capillary (Zheng et al., 2017) . The endothelial sprouting/migration events observed in these conditions were induced by fibroblasts and sensitive to Notch inhibitors. However, the need of a second cell line to induce such events makes it very difficult to study the precise effects of unique growth and regulatory factors which initiate and regulate sprouting angiogenesis.
In the present study, we used a tissue-engineering approach to develop a model enabling the specific study of the first steps of sprouting angiogenesis induced by a single angiogenic factor such as VEGF-A, taken as a model factor. We created an initial microvessel contained within a collagen gel in a polydimethylsiloxane (PDMS) chip, which, when treated with VEGF-A alone, undergoes morphological changes while maintaining its inner lumen and eventually forms distinct angiogenic sprouts with minimal unicellular migration. This model allows for the use of genetically-altered endothelial cells and allowed us to demonstrate the regulating role of the DLL4/NOTCH1 pathway by the use of ribonucleic acid (RNA) interference. Furthermore, we developed fluorescence microscopy and optical coherence tomography in order to visualize and quantify the sprouting events. We also assessed the potential use of this model to investigate angiogenic inhibitors by developing an analytical method which enables conclusive observations from phase-contrast images, therefore preserving the samples. Finally, we setup conditions to study the effects of clinically-used angiogenic inhibitors on endothelial permeability and barrier function.
Materials and Methods

Cell Culture
Primary human umbilical vein endothelial cells (HUVEC) and Endothelial Cell Growth Medium-2 BulletKit (EGM-2) were obtained from Lonza (Basel, Switzerland), and Endothelial Cell Growth Medium (ECGM) purchased from Promocell (Heidelberg, Germany). 10 × Dulbecco's-phosphate buffered saline (PBS) (−) (2 g/L KCl, 80 g/L NaCl, 2 g/L KH 2 PO 4 , 11.5 g/L Na 2 HPO 4 ) was from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). 5 mL polystyrene round-bottom tube with cell-strainer cap (12 × 77 mm) and 0.5% Trypan blue stain solution were obtained from Corning Falcon (Corning, NY, USA) and Nacalai Tesque, Inc. (Kyoto, Japan), respectively.
In order to reduce the number of passages and to use the cells at the same passage when preparing microvessels, primary HUVEC were thawed upon reception, amplified for two passages in EGM-2 and frozen again. When fabricating microvessels, cells were thawed in EGM-2, seeded in 21 cm 2 culture dishes, cultured at 37°C in a humidified atmosphere of 5% CO 2 /95% air, and used at 70-80% confluence. Cells were harvested by rinsing once with PBS, incubating with 0.25% trypsin-EDTA solution for 3 min at 37°C in 5% CO 2 /95% air and collected in ECGM. Cells were passed through a 35 μm cell strainer to dissociate cell aggregates; stained with Trypan Blue and live cells were counted using a hemocytometer.
DLL4 Gene Silencing by RNA Interference
HUVEC were seeded on 9.6 cm 2 -well plates. When cells reached 50-60% confluence, they were rinsed once and 450 μL of warmed OptiMEM (Thermo Fisher Scientific, Waltham, MA, USA) was added. 50 nM of siRNA targeting the DLL4 mRNA (ON-TARGETplus smartpool DLL4 #L-010490-00-0005, Dharmacon, Inc., Lafayette, CO, USA) or of nontargeting siRNA (siCtl, ON-TARGETplus Non-targeting siRNA #D-001810-01-20, Dharmacon) were incubated with Lipofectamine RNAiMAX (Thermo Fisher Scientific) for 20 min at 25°C, then transferred onto cells. After 6 h of incubation at 37°C in 5% CO 2 /95% air, medium was changed for EGM-2 and cells cultured for 24 h. Culture medium was then changed for ECGM and cells were cultured for an additional 24 h before being used to make microvessels. Cells not used for microvessel fabrication were used for RNA extraction and DLL4 silencing was validated by RT-qPCR using TaqMan method (Sup. Method 1).
2.3. Fabrication of the Microvessel-on-a-Chip 2.3.1. Polydimethylsiloxane Chips
The chips used in this study and their fabrication method have been previously described (Pauty et al., 2017) . Briefly, polydimethylsiloxane (PDMS)-based chips (25 mm × 25 mm × 5 mm: width × length × height) which included needle inserting channels (300 μm in diameter) on both sides were prepared and kindly gifted by Dai Nippon Printing Ltd. (Tokyo, Japan). A mold was prepared using a 3D printer and its surface treated with a release agent. A mixture of PDMS and a curing agent (SILPOT 184; Dow Corning Toray Co., Ltd., Tokyo, Japan) at a ratio of 10:1 (w/w) was cast on the mold equipped with 300-μm-diameter microneedles and cured at 37°C overnight. The concave PDMS device was then peeled off the mold. The PDMS device and a glass coverslip thickness No.1 0.12-0.17 mm, Matsunami, (Osaka, Japan) were then treated with O 2 plasma (PDC-32G; Harrick Plasma (Ithaca, NY, USA)) for 60 s and bonded at 150°C for 30 min. The PDMS device was checked for leaks with 70% ethanol (Kanto Chemical) for 30 min before sterilization by ultraviolet (UV)-light exposure for one hour under a cell culture hood.
Fabrication of a Microvessel
Cellmatrix Type I-A (3 mg/mL, pH 3, collagen derived from porcine tendons by acid extraction) and 10× Hank's were obtained from Nitta Gelatin Co., Ltd. (Osaka, Japan) and Sigma-Aldrich Co., Ltd. (Saint Louis, MO, USA), respectively. The collagen buffer used for the neutralization of the collagen solution contains 262 mM NaHCO 3 , 20 mM HEPES and 0.05 N NaOH. NaOH and NaHCO 3 were obtained from Kanto Chemical Co., Inc. (Tokyo, Japan), and HEPES from Sigma-Aldrich. Acupuncture needles (No.02, 0.20 mm × 30 mm, J type) were from Seirin Co., Ltd. (Shizuoka, Japan). Bovine serum albumin (BSA) and dextran from Leuconostoc spp. (Mr 450,000-650,000) were from Sigma-Aldrich.
First, the PDMS chip was treated with O 2 plasma for 1 min and then sterilized by UV-light exposure for 5 min under a cell culture hood. An acupuncture needle (200 μm in diameter) was then coated with 1% BSA in PBS solution at 25°C for at least 5 min to prevent collagen adhesion, dried, and sterilized by UV-light exposure under a cell culture hood. The neutralized collagen solution was prepared on ice by mixing Cellmatrix Type I-A collagen solution, 10× Hank's buffer, and 10× collagen buffer (volume ratio 8:1:1) following manufacturer's protocol. Next, ice-cold neutralized collagen solution was introduced into both wells and in the microvessel chamber; and the BSA-coated acupuncture needle inserted through the PDMS channel (Fig. 2) . The excess of collagen was carefully withdrawn from the wells. The device was then incubated at 37°C in 5% CO 2 /95% air for 90 min to allow the collagen to gel and a hollow channel was created by withdrawing the needle. To prevent leakage of the chip through the PDMS channels used to insert the needle, two short needles (300 μm in diameter, 8 mm long) were then inserted in the PDMS channels located between the wells and the external edges of the device. HUVEC were harvested and resuspended in ECGM containing 3% dextran at a density of 1 × 10 7 cells/mL and 20,000 cells were added at each opening of the collagen channel. After checking for the effective entry of cells into the collagen channel, the chip was flipped upside-down and incubated at 37°C in 5% CO 2 /95% air. After 10 min, the chip was flipped back and incubated for an additional 5 min in the same conditions. 1 mL of warm medium was then added and the chip was further incubated for 4 h. Finally, the medium was changed and cell culture was maintained at 37°C in 5% CO 2 /95% air with medium renewal every other day.
VEGF-Dependent Angiogenesis Model
Recombinant human VEGF-A 165 and PBS, 4% (w/w) paraformaldehyde (PFA) were purchased from Wako. The kinase inhibitors sorafenib and sunitinib were from Selleck Chemicals LLC (Houston, TX, USA).
Microvessels were prepared and cells cultured in ECGM (endothelial cell basal medium supplemented with 2% fetal calf serum, 0.4% endothelial cell growth supplement, 0.1 ng/mL recombinant human epidermal growth factor, 1 ng/mL recombinant human basic fibroblast growth factor, 90 μg/mL heparin and 1 μg/mL hydrocortisone) rather than EGM-2 to ensure that no VEGF-A was present in the controls. 24 h after fabrication of the initial microvessel, the medium was changed for medium containing 50 ng/mL VEGF-A. VEGF-A-containing medium was renewed every other day, for 10 days. Microscopic images were taken using an inverted phase-contrast microscope Observer Z1 (Carl Zeiss, GmbH, Oberkochen, Germany) equipped with a 20× objective lens (LD Plan-NeoFluar 20×/0.4 Korr Ph2 M27) and the ZEN 2 blue edition software (version 2.0.0.0, 64 bit, Carl Zeiss). At the end of the experiments, microvessels were fixed in PBS, 4% paraformaldehyde (PFA) for 30 min at 25°C, and stored in PBS at 4°C.
For the study of the angiogenic inhibitors, 24 h after fabrication, microvessels were treated with 1 μM of sorafenib, 1 μM of sunitinib or 0.01% DMSO and with or without 50 ng/mL VEGF-A in ECGM. Medium was renewed every other day. After 10 days, phase-contrast images were taken using an inverted phase-contrast microscope Observer Z1 (Carl Zeiss) and computationally analyzed by the directional pixel variance method (described later). Microvessels were fixed as previously described. The fixed microvessels were permeabilized in PBS, 0.5% Triton X-100 for 5 min at 25°C. Blocking was performed for overnight at 4°C with PBS, 1% BSA (blocking solution). Samples were then incubated overnight at 4°C with anti-VE-cadherin antibody (1:200) in blocking solution. After 6 washes with PBS, samples were incubated for 2 h at 25°C with Alexa Fluor 568 goat anti-rabbit antibody and Alexa Fluor 488 phalloidin for actin staining in PBS (1:200). After washing with PBS, nuclei were stained by incubating the cells for 15 min at 25°C with Hoechst 33342 diluted 1:1000 in PBS. After several washes with PBS, the chip was stored at 4°C until imaging.
Immunofluorescence on a Microvessel to Visualize Cell-Cell Junctions
Images were taken using a confocal laser scanning microscope (CLSM, Laser Scanning Microscope 700, LSM 700, Carl Zeiss) equipped with a 40 × water-immersion detection objective lens (LD CApochromat 40 ×/1.1 W Korr M27). Phalloidin, VE-cadherin, and Hoechst 33,342 were detected using 488-, 555-and 405-nm-wavelength lasers, respectively. Maximum intensity projection (MIP) and orthographic view images were obtained with the ZEN 2 blue edition software (version 2.0.0.0, 64 bit, Carl Zeiss). Light-sheet fluorescence microscopy (LSFM) imaging was performed with a Lightsheet Z.1 system (Carl Zeiss) equipped with a 20× water-immersion detection objective lens (W Plan Apochromat, NA 1.0), dual sided 10 × illumination objective lenses (LSMF, NA 0.2), a pco.edge scientific CMOS camera (PCO) and ZEN software. OCT setup was previously described . Slight changes were made in the setup to increase the optical resolution to 3 μm: the voxel size was 2 × 2 × 2 μm and the beam diameter was 10 μm. The average data acquisition window was 700 × 700 × 700 μm (h × w × l) correlating with 351 scans per axis in 30 min.
Preservative Imaging Methods and Image Analysis of Microvessels to
For 3D images, original images obtained by the OCT system were processed using ImageJ (National Institute of Health) to reduce the noise due to collagen gel, by subsequently applying the filters: (i) 3D maximum, (ii) 3D Gaussian low-pass, (iii) 2D FFT band-pass, and (iv) 3D Gaussian low-pass. Images were then converted into binary images and 3D images were constructed using the ImageJ plugin: 3D viewer. In order to measure the features of the angiogenic sprouts, the following method was applied in ImageJ: (i) the gray image of a sprout was changed to a 3D binary image; (ii) volume and surface were calculated using the 3D Objects Counter function; (iii) 3D binary image of the sprout was then skeletonized by applying the plugin Skeletonize(2D/ 3D); (iv) the length of sprout was measured by applying Analyze Skeleton(2D/3D); (v) finally, the average diameter of the sprout was calculated using its volume and length with the assumption that its cross section was circular.
Method of Directional Pixel Variance to Assess the Responsiveness of Microvessel to VEGF-A
The phase-contrast image was processed with ImageJ. First, the background was removed by processing the image as follows: (i) rotating the image to orient microvessels vertically, (ii) changing the gray image to a binary image, (iii) dividing the binary image by 255 using the ImageJ's function Divide-the background becomes zero and the edges of the microvessel become one, (iv) multiplying the original image with the binary image by using the ImageJ's function Image Calculator-the background is thus given a value zero while the value for the edges of the microvessel remains unchanged. Then, using the rectangular selection tool, a region of interest was selected excluding both extremities of the microvessels, because these regions sometimes formed improperly due to the connection point between the collagen matrix and PDMS channel. The coordinates of the rectangular selection were incorporated into a macro (Sup. Method 2) which calculates the mean of the directional pixel variance by performing the following steps: (i) creating the profile of the region of interest by using the ImageJ's function Plot Profile, (ii) making the difference of pixel intensity between every horizontal line of the rectangular area and computing the profile which gave a set of horizontal line of residuals, (iii) averaging the square of the residuals to give a number called directional pixel variance. Finally, the average directional pixel variance and standard deviation for each experimental condition was calculated. The results are presented as a ratio to the untreated condition.
Permeability Assay to Investigate the Endothelial Barrier Function after Treatment With Angiogenic Inhibitors
Rhodamine-conjugated Ulex europaeus Agglutinin 1 (UEA-1, 2 mg/mL) and Fluorescein isothiocyanate-dextran (FITC-dextran, 70 kDa) were obtained from Vector Laboratories, Inc. (Burlingame, CA, USA) and Sigma-Aldrich, respectively.
The microvessels were stained with 20 μg/mL rhodamine-conjugated UEA-1 in ECGM for 30 min. The microchips were then set up on a confocal microscope LSM700 (Carl Zeiss) in an incubation chamber that maintained 37°C in a humidified 5% CO 2 /95% air atmosphere (INU Incubation System for Microscopes-model WSKM, Tokai Hit Co., Fujinomiya, Japan). Images were taken using the CLSM equipped with a 10× observation lens (N-Achroplan 10×/0.25 M27). The rhodamineconjugated UEA-1 staining was detected with the 555-nm-wavelength laser and used to focus the microscope. Then, 15 μL of 100 μg/mL FITCdextran (70 kDa) in ECGM solution was introduced and imaging was performed by detecting the fluorescence of FITC with the 488-nmwavelength laser and an optical section of 77.8 μm. Permeability was quantified through the mean fluorescence intensity of the FITC-dextran detected within two regions of interest ("mean ROI") outside a microvessel within the collagen, as previously reported (Pauty et al., 2017) . Briefly, for each microvessel, two regions of interest of 0.2 mm × 2.5 mm (0.5 mm 2 ) were drawn using the ZEN 2012 SP1 black edition software (version 8.1.0.484, 64 bit, Carl Zeiss), aligned along the edges of the microvessel and centered on the middle of it. The mean ROIs given by the ZEN software for the two boxes were added to give the final fluorescence intensity value. The average fluorescence intensity and standard deviation for each experimental condition was calculated.
The results are presented as a ratio to the average fluorescence of the untreated condition.
Results
VEGF-Induced Sprouting Angiogenesis
In this study, we aimed at developing a model where we could induce sprouting angiogenesis from an established endothelial cell microvessel (Fig. 1) . By seeding primary human umbilical vein endothelial cells (HUVEC) into a collagen gel tubular scaffold within a PDMS chip, we first created the initial in vitro 3D microvessel (HUVEC, Fig. 2 , (Pauty et al., 2017) ). We then set up conditions in order to maintain a stable and non-sprouting microvessel that could be stimulated into sprouting angiogenesis at will following stimulation with angiogenic factors such as VEGF-A. In order to setup initial conditions which avoided the use of VEGF-A found in most endothelial cell culture media, VEGF-free endothelial cell growth medium (ECGM) specifically designed for the optimal growth and survival of HUVEC (see Materials and Methods for the detailed composition) was used. The stable, nonsprouting, initial microvessel could be maintained for up to 10 days in these conditions without showing signs of angiogenesis ( Fig. 3a & b) . In order to induce sprouting angiogenesis, VEGF-A (50 ng/mL) was added to the culture medium 24 h after fabricating microvessels in ECGM, a concentration consistent with other published works (Heiss et al., 2015) . Upon this stimulation, the emergence and progression of angiogenic sprouts was observed and monitored by phase-contrast microscopy. Under these conditions, endothelial sprouts emerged at day 4, became clearly distinguishable at day 6, and extended until the end of the experiment at day 10 (Fig. 3c) .
Samples were then fixed and the actin cytoskeleton was immunostained to visualize the morphology of the sprouts and to assess their structure. Most importantly, CLSM orthographic view images showed the presence of a lumen connecting the parent vessel with the newly formed angiogenic sprouts, a typical feature of sprouting capillaries in vivo (Charpentier and Conlon, 2014) . Furthermore, actin cytoskeleton staining highlighted filopodia protrusion from the cells located at the tips of the sprouts, strongly resembling the tip-cell morphology observed in vivo (Fig. 3d , (Geudens and Gerhardt, 2011) ).
The induction of sprouts by VEGF-A, the presence of a lumen within the sprouts, and filopodia on the leading cells, all together, show that the sprouts formed in this model are morphologically similar to bona fide angiogenic in vivo sprouts. This suggests that the established model reconstitutes, at least in part, the events leading to capillary formation by endothelial cells during sprouting angiogenesis.
Control of Sprouting Angiogenesis by the DLL4/NOTCH1 Signaling
In order to further validate the biological relevance of this model and to demonstrate its possible use for investigating gene function, HUVEC were genetically modified using RNA silencing before making microvessels. The DLL4 gene was targeted because of its important role in VEGF-A-induced angiogenic sprout formation in vivo. HUVEC were transfected with a siRNA targeting DLL4 (siDLL4) or a nontargeting siRNA (siControl, siCtl) in culture dishes. After 48 h, the transfected cells were seeded as microvessels which were then treated with or without 50 ng/mL VEGF-A for the next 10 days. Gene silencing was effective at 48 h as seen at the RNA and protein levels (Fig. S1 ).
As seen with unmodified HUVEC, the microvessels made of genetically-modified HUVEC with a siControl (HUVEC-siCtl) showed smooth edges when untreated, and rough edges with angiogenic sprouts when treated with VEGF-A for 10 days (Fig. 4a) ; therefore, demonstrating that the transfection method did not generally affect the behavior of HUVEC in the model. Interestingly, HUVEC genetically-modified with siRNA targeting DLL4 (HUVEC-siDLL4) did not form a stable microvessel in the absence of VEGF-A but rather adopted a migratory and collagen-invading behavior (Fig. 4a-upper right panel) . When treated with VEGF-A, a similar and more pronounced migratory behavior was observed, and some sprout-like structures appeared (Fig. 4a-lower right  panel) .
The ability of genetically-modified HUVEC to establish cell-cell junctions in our model was then investigated. Co-immunostaining of the actin cytoskeleton and of VE-cadherin-an essential adherens-junction protein specifically expressed by endothelial cells, was performed. In order to visualize the whole structure of the microvessels, 3D imaging was performed using light sheet fluorescence microscopy (LSFM). It confirmed the observations made by using phase-contrast imaging; HUVEC-siCtl assembled into a uniform monolayer inside the collagen lumen and treatment with VEGF-A induced the formation of angiogenic sprouts of various lengths (Fig. 4b-left panel) . On the other hand, HUVEC-siDLL4 failed to form a homogenous monolayer or to establish proper junctions, as highlighted by the non-homogeneous and sometimes absent VE-cadherin staining. Interestingly, LSFM also revealed that, when treated with VEGF-A, some cells formed a monolayer with adherens-junctions, as highlighted by the presence of VE-cadherin staining (Fig. 4b-right panel) . We then used CLSM to better observe adherens junctions at a single-cell level. HUVEC-siCtl established adherens junctions as shown by the VE-cadherin circumferential staining (Fig. 4c-left panel) . The actin cytoskeleton was also mainly localized in cell periphery in a physiological arrangement known as cortical actin (Prasain and Stevens, 2009) . Upon VEGF-A treatment, the VE-cadherin staining concentrated at the cell-cell junctions, as highlighted by the thinner and brighter signal (Fig. 4c-upper left images) . Its co-localization with cortical actin was also increased, suggesting stronger cellcell junctions (Fig. 4c-lower left images) . In contrast, HUVEC-siDLL4 showed only a weak VE-cadherin circumferential staining together with areas where VE-cadherin staining was absent. When treated with VEGF-A, some cells showed a strong VE-cadherin circumferential staining, while others had weak or no staining (Fig. 4c-upper right images) . When cells showed VE-cadherin staining, it co-localized with cortical actin. However, cells without VE-cadherin showed an increase in actin stress fiber numbers (Fig. 4c-lower right images) -a phenomenon observed when endothelial cells lose their cell-cell junctions and rearrange their cytoskeleton from cortical to stress fibers (Prasain and Stevens, 2009 ). These results confirmed previous observations that HUVEC-siDLL4 treated with VEGF-A formed a monolayer in some areas, therefore establishing cell junctions, and in other areas were isolated, therefore rearranging their cytoskeleton.
The morphology of the angiogenic sprouts was then monitored using optical coherence tomography (OCT); enabling for rapid 3D imaging without the need for immunostaining . Moreover, the 3D images could be computationally processed to model and measure isolated regions of interest. First, the obtained 3D images confirmed the effect of VEGF-A and of siRNA observed by phase-contrast microscopy and LSFM (Fig. 5a) . Then, the images of HUVEC-siCtl and HUVECsiDLL4 treated with VEGF-A were computationally processed to isolate several angiogenic sprouts, which were found in a 2-mm long area, and model them (Fig. 5b) . The length, volume, surface area and average diameter of the sprouts were measured (Fig. 5c) . The average length of angiogenic sprouts was similar in both conditions: 72.9 ± 27.5 μm (mean ± S.D.) for siCtl and 74.9 ± 21.3 μm for siDLL4. However, the sprouts in the siDLL4 condition showed a reduced volume compared to those of the siCtl condition. Similar observations were made regarding the surface area and the average diameter (Fig. 5c) .
Taken together, these results indicate that the effective sprouting angiogenesis triggered by VEGF-A in this model depends on the Notch signaling, as reported in vivo.
Effects of Angiogenic Inhibitors on the In Vitro Microvessel Model
A compelling application of this model is the possibility to investigate the effects of drugs such as angiogenic inhibitors on a single molecular pathway. Aberrant angiogenesis is observed in several diseases such as rheumatoid arthritis, diabetic retinopathy and cancer. It has been proposed that targeting VEGF and its downstream signaling pathways could be of therapeutic relevance to prevent the progression of or to cure such diseases. Once VEGF-A binds to its receptor VEGFR-2, the dimerization of VEGFR-2 triggers its intracellular kinase activity, which activates several pro-angiogenic pathways (Simons et al., 2016) . Sorafenib and sunitinib are kinase inhibitors targeting VEGFR-2 that have been validated as anti-angiogenic therapies currently in clinical use as treatments for metastatic renal cell carcinoma. Additionally, sorafenib is also used for treating hepatocellular carcinoma, while sunitinib is used for gastrointestinal stromal cell tumor treatment. Interestingly, although both inhibitors are designed to prevent the growth of new capillaries through similar mechanisms per their design, their effects on tumors differ. While sunitinib causes tumor shrinkage, sorafenib does not (Niu and Chen, 2010; Strumberg et al., 2005; Thomas et al., 2009 ). We used sorafenib and sunitinib to assess whether our model enables the analysis of angiogenic inhibitors that target the VEGF-A pathway. As a proof-of-concept, microvessels were treated with 1 μM of sorafenib or sunitinib and with or without 50 ng/mL VEGF-A (Fig. 6a) . After 10 days, phase-contrast images were taken ( Fig. 6b) and computationally analyzed by the directional pixel variance method (Fig. 6c ) in order to quantitatively investigate the effect of inhibitors.
The directional pixel variance method was developed for this study to provide an efficient and simple way to determine how a microvessel responded to a treatment compared to a control microvessel, i.e., a microvessel showing no angiogenesis and a quiescent monolayer of endothelial cells. On phase-contrast images, for each line of pixels parallel to the microvessel's longitudinal axis within a selected region, the method measures the average pixel intensity and generates a translated profile which represents the theoretical image that would be obtained if the microvessel was regular (Fig. 6c, left) . This profile is then deducted from the original/input image, thus highlighting areas where the pixel intensity varies from the theory-such areas are called "residuals". The square of the residuals is averaged to give a quantity that can be compared between different samples (see Materials and Methods for details). A low value-low directional pixel variance-will indicate a microvessel with smooth edges, because such a microvessel will have few if any residuals. On the opposite, a high value-high directional pixel variance-will express a microvessel with rough edges, sprouts, or many cells migrating outward. In our model, sorafenib and sunitinib successfully inhibited VEGF-induced sprouting as shown by the lack of increased directional pixel variance when compared to microvessels which were not treated with VEGF-A (Fig. 6c, right) . Moreover, the established microvessel was not morphologically impaired when adding the inhibitors in the absence of VEGF-A (Fig. 6b, left panel) , suggesting that these inhibitors had no effect on the quiescent endothelial cells of the initial microvessel. As complementary information, a dosedependency of the inhibition could be observed with 1 μM being the most effective dose for both inhibitors (Fig. S2) .
The effects of sorafenib and sunitinib on the endothelial barrier function of the parent microvessel were also investigated because these inhibitors are known to have different effects on tumors and other targets besides VEGFR-2 (Niu and Chen, 2010) . A simplified method of a previously developed permeability assay was used, in which 70 kDa fluorescein isothiocyanate (FITC)-dextran was introduced into the lumen of microvessels and extravasation of the fluorescence into collagen gel was monitored by CLSM (Pauty et al., 2017) . Microvessels untreated with VEGF-A for 10 days showed an impaired barrier function, while microvessels treated with VEGF-A showed less leakage (Fig. 6d) . When microvessels were treated with a combination of VEGF-A and sorafenib, the barrier function was strongly impaired as visualized by the leakage of fluorescent dye outside of the original microvessel. However, when microvessels were treated with a combination of VEGF-A and sunitinib, they were less leaky than when treated solely with VEGF-A (Fig.  6d) .
Immunostaining of adherens junctions (VE-cadherin) and actin cytoskeleton of HUVEC treated in these various conditions was then performed. The microvessels not treated with VEGF-A showed holes between endothelial cells, correlating with the presence of actin stress fibers (Fig. 6e) . Moreover, VE-cadherin staining was irregular in some areas. This suggested the presence of weak adherens junctions and could therefore explain the leakage observed in this condition. On the other side, the microvessels treated with VEGF-A showed a homogenous distribution of VE-cadherin concentrated at the cell edges and colocalizing with cortical actin. Interestingly, immunostaining also revealed that endothelial cells elongated and aligned along the longitudinal axis of the microvessel in this condition. This suggests that stronger adherens junctions are formed upon VEGF-A stimulation, resulting in a reduced leakage. Regarding the angiogenic inhibitors, both succeeded at inhibiting sprouting as demonstrated by phase-contrast images and directional pixel variance data (Fig. 6b & c) , but leakage was not prevented when sorafenib was used (Fig. 6d) . Immunostaining revealed that VEcadherin was non-homogeneously distributed, actin stress fibers were often seen, and holes between endothelial cells could sometime be observed upon sorafenib treatment (Fig. 6e) , recapitulating thus partly the observations made for the untreated microvessels. However, when using sunitinib, immunostaining showed that VE-cadherin was homogenously distributed at cell edges and colocalized with cortical actin, indicating effective adherens junctions (Fig. 6e) . Noticeably, the endothelial cells did not elongate or aligned upon VEGF-A/sunitinib treatment, contrarily to VEGF-A-only treatment.
Discussion
Altogether, we have established here an efficient model of VEGF-induced sprouting angiogenesis which may be used to investigate the anti-angiogenic properties of candidate compounds. This model carries great potential for discovering unexpected effects of such compounds on the endothelial physiology as it enables the simultaneous analysis of sprouting angiogenesis and endothelial barrier function.
Our model is based on a human tubular endothelium embedded in a collagen matrix that mimics a parent vessel. Upon VEGF-A treatment, new capillaries sprout from the parent vessel and form a lumen in the absence of a dynamic flow. The formation of a lumen within the sprouts in the absence of hydrodynamic forces is consistent with in vitro and in vivo studies (Charpentier and Conlon, 2014) which showed that endothelial cells can form a lumen by two complementary mechanisms; namely, cell and cord hollowing. While cell hollowing consists in endothelial cells creating a lumen via a vacuolation process resulting in a single cell surrounding a luminal space; cord hollowing is a mechanism by which adjacent endothelial cells connected by adherens junctions first establish an apicobasal polarity before separating, redistributing their junctions and forming a luminal space between their apical sides (Charpentier and Conlon, 2014) . It has been proposed that the hydrodynamic forces due to blood stream induce deformation of the apical membranes, leading to further extension of the initial lumen through a process named inverse blebbing (Gebala et al., 2016) . Although further analysis is required in our model, the presence of an ECM surrounding the sprouts may provide an adequate environment for the endothelial cells to establish polarity; therefore, enabling the spontaneous lumenization by endothelial cells. Interestingly, this suggests that our model could be fit to study such phenomenon.
The VEGF-A dependency and the morphology of the sprouts suggested that the sprouts formed in this model mimicked those observed in vivo. In order to perform further validation at a molecular level, the study of the DLL4/NOTCH1 pathway showed that altering this pathway by RNA interference led to cells migrating into the collagen and sprouts of a smaller volume (Figs. 4 & 5) . This is consistent with previous works made in vivo and in vitro on the DLL4/NOTCH1 pathway, which reported that a loss or inhibition of this pathway caused increased migration of endothelial cells and the formation of thinner vessels (Benedito et al., 2008; Lee et al., 2016; Scehnet et al., 2007) . In addition to providing further validation that the model mimics in vivo sprouting angiogenesis, these results demonstrate that the present model enables the use of genetically-modified human primary endothelial cells to investigate the effect of gene knock-down on sprouting angiogenesis. Although we used siRNA technology, other technologies such as shRNA or a gene overexpression plasmid combined with an inducible system could be used to investigate gene functions at a specific time of angiogenesis, as a few examples.
One of the first targeted application for this model was to study angiogenic inhibitors. As a proof-of-concept, we used sorafenib and sunitinib which showed anti-angiogenic effects upon VEGF-A stimulation, thus validating the model for investigating angiogenic inhibitor molecules. Furthermore, one main advantage of our model is the presence of an established, calibrated, luminized, perfusable and imaging-compatible parent vessel. This makes fertile ground for investigating further the angiogenic inhibitors on their effects toward the parent vessel, such as the endothelial barrier function and cell-cell junctions. This is of interest as tyrosine kinase angiogenic inhibitors, although they often share a common target such as VEGFR-2, differ by other kinase targets and may therefore display effects other than only inhibiting angiogenic sprouting.
In our model, the endothelial barrier function could be studied through a permeability assay to 70 kDa FITC-dextran in combination with immunostaining of cell-cell junctions and actin cytoskeleton. In normal conditions, endothelial cells establish an effective barrier which prevents the leakage of 70 kDa FITC-dextran; therefore, it was surprising to observe leakage in the untreated microvessels (Fig. 6d) . A live/dead cell staining demonstrated that HUVEC were still alive at the end of experiment (Sup. Method 3 and Fig. S2 ), eliminating the hypothesis that the leakage was due to dead cells. Immunostaining results suggest the presence of weak adherens junctions, contrarily to when the microvessels were treated with VEGF-A. Altogether, it is reasonable to infer that the impaired barrier function of untreated microvessels was a result of long culture time in ECGM without VEGF-A, impeding the formation of strong cell-cell junctions. Conversely, VEGF-A is known to induce vascular permeability through the opening of adherens junctions by a VEGFR-2/VE-cadherin signaling (Gavard and Gutkind, 2006) . This suggests that a balance exists between the effects of VEGF-A on: (i) cell maintenance allowing for the formation of strong cell-cell junctions, and (ii) the induction of endothelial permeability via the opening of adherens junctions. It is illustrated by the moderate leakage observed in microvessels treated with VEGF-A (Fig. 6d) . Regarding the effects of angiogenic inhibitors on permeability, the results for sorafenib recapitulated those of the untreated microvessels in spite of the presence of VEGF-A. It implies that sorafenib canceled the positive effects of VEGF-A, i.e. not only the induction of angiogenesis but also on permeability. This is consistent with the known effect of sorafenib on cell cycle as it was reported to have a cytostatic effect due to the inhibition of the RAF proto-oncogene serine/threonine-protein kinase (RAF1/cRAF) (Iacovelli et al., 2016; Plastaras et al., 2007; Wilhelm et al., 2004) . RAF1 is an essential component of the mitogen-activated-protein-kinase (MAPK) signaling pathway that controls cell division and proliferation. The MAPK signaling pathway is one of the pathways triggered by VEGFR-2 activation, therefore sorafenib can block VEGF-A/VEGFR-2 signaling at two levels, providing an explanation for the drastic effect observed in our model. Sunitinib, on another hand, inhibited sprouting but had no effect on microvessel integrity (Fig. 6) . Taken together, these results indicate that our model enables to distinguish differential effects between sorafenib and sunitinib which both target VEGFR-2 but diverge by some other targets. This is of interest for cancer treatments in the context of vascular normalization therapy (Goel et al., 2011; Carmeliet and Jain, 2011b) as sunitinib seems to normalize microvessels on two levels: (i) inhibiting abnormal angiogenesis and (ii) enabling the establishment of an effective barrier function in an environment rich in VEGF-A, such as the tumoral microenvironment. Therefore, it could explain why sunitinib led to tumor shrinkage while sorafenib did not (Niu and Chen, 2010; Thomas et al., 2009; Strumberg et al., 2005) .
As mentioned in the introduction, other models using human endothelial cells have been developed. The main advantage of tissue-engineering-based model over other available technologies is the presence of an initial parent vessel that is a necessary requirement for studying angiogenesis, because it is defined as the formation of new capillaries from a pre-existing vessel. The previous works demonstrated the possibility to use such an approach to study the angiogenesis (Nguyen et al., 2013) or the barrier function/permeability (Chrobak et al., 2006) . But some limitations were highlighted, e.g., the cell type was changed accordingly with the analysis performed, coculture with fibroblast was required and a combination of several pro-angiogenic factors was necessary. One advantage of the in vitro models is the possibility to study the role of a specific factor and/or drugs targeting this factor or associated pathways. Coculture and the use of a cocktail of factors greatly weaken such advantage. Here, we demonstrated that sprouting angiogenesis may be induced from a parent microvessel solely by VEGF-Athe main inducing factor in vivo. Then, we could inhibit this phenomenon by using inhibitors targeting the VEGF-A receptor. As another major achievement compared to previous works, we reported the simultaneous analysis of angiogenesis and barrier function in a same microvessel, i.e., only one type of cells-HUVEC-was used. This cannot be achieved by 2D models-which provide only fragmented information-and was not reported with other similar 3D models. Thanks to this simultaneous analysis, we could observe that while sorafenib and sunitinib inhibit angiogenesis similarly, they alter the barrier function of the established endothelium differently. This differential effect raises new hypotheses about the reasons behind the different outcomes observed in clinic when using these inhibitors. Furthermore, the design of the PDMS chip makes easy the perfusion of other liquid or cells within the lumen of the microvessel or the inclusion of cells into the ECM. This shall enable the study of flow on angiogenesis, and interaction between circulating immune and cancer cells and the endothelium in the context of angiogenesis. Previous works already demonstrated how such studies could be performed in quiescent microvessels (Chrobak et al., 2006; Mannino et al., 2017; Price et al., 2010) and we validated the feasibility in our model (Sup. Method 4 and Fig. S4 ).
Besides the various possibilities offered by our model, some limitations remain and should be addressed in future developments. First, the VEGF-A is introduced in the whole environment and does not reproduce the directionality of gradient which is naturally established in vivo from the hypoxic tissue. The model earns in simplicity but loses the capacity to study such directional migration of angiogenic sprouts. On another hand, the directional pixel variance method faithfully translates whether a microvessel responded to VEGF-A stimulation, and therefore can be easily used to validate angiogenic inhibitors. However, it is not effective to distinguish between migrating cells and angiogenic sprouts, therefore it is limited in its application when it comes to study gene functions, especially if the candidate gene affects cell migration. In that case, OCT analysis or videomicroscopy would be more relevant. Finally, although it is possible to study the permeability to fluorescent-labeled molecules, an analytical method to precisely measure a permeability coefficient has not yet been developed. In its current state, the method enables an easy comparison between several conditions. In summary, we report the use of an in vitro 3D model of a human blood vessel for the study of VEGF-A-induced sprouting angiogenesis and angiogenic inhibitors. As a major advance, it enables the simultaneous study of angiogenesis and endothelial barrier function-two main characteristics of blood vessels that are impaired in diseases such as rheumatoid arthritis, diabetic retinopathy and cancer. The model already offers the possibility to: (i) explore gene functions through the use of genetically-modified cells, (ii) study the lumenization of new capillaries, (iii) test angiogenic inhibitors. Of relevance to translational research, this model enables the investigation of the effect of candidate molecules at a tissue level in a human-related model; as well as the description of human-specific or unanticipated effects, therefore it may contribute to reducing the number of candidate molecules which pass pre-clinical studies but fail in clinical trial. Although such technology in its current state cannot yet easily be used for preliminary screening when a high throughput is needed, it would be of value as an intermediate model between 2D cell culture models and pre-clinical animal models or complementary to the latter. Overall this technology should contribute to improve the discovery of promising anti-angiogenic molecules as well as providing a convenient tool to assess fundamental questions about mechanisms at work at an endothelial-level during VEGF-A-induced angiogenesis.
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